Evidence of ferroelasticity in a non-planar organic molecular crystal is presented for 4,4 -dicarboxydiphenyl ether. Ferroelasticity has been demonstrated by the micro-and macroscopic mechanical characterization of single crystals, including recording of a full hysteretic stress-strain cycle. The underlying mechanism involves the partial flipping of phenyl rings.
Introduction
Ferroelastic materials exhibit spontaneous strain that manifests as a diffusionless transformation combined with the co-existence of two equally stable orientation variants, such as rotational twins [1, 2] . Ferroelasticity has received limited attention with respect to organic molecular crystals given that those are typically brittle and poorly suited to application as structural materials. We are, nevertheless, confident that this class of crystalline compounds has the potential to exhibit novel, remarkable and potentially useful examples of ferroelastic behaviour. The present report describes one such example.
Twinning deformation is a physical property that has been extensively investigated in certain metal alloys, mostly from the perspective of physics and materials science [3] . There are far 2018 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original author and source are credited. fewer examples of twinning deformation reported for organic crystals. Furthermore, most of the existing reports of twinning deformation in molecular crystals-(TMTSF) 2 X (X = ClO 4 , PF 6 , AsF 6 and NO 3 ) [4], 1,3,5-tribromo-2,4,6-triiodobenzene [5] , 1,3,5-trichloro-2,4,6-triiodobenzene [3] and adipic acid doped with 3-methyl adipic acid [6] -have involved planar molecules. L-Lysine monohydrochloride dihydrate [7] is a rare example of twinning deformation in a non-planar molecule.
Recently, in our laboratory, twinning deformation with spontaneous recovery was discovered for 3,5-difluorobenzoic acid [8] , which is also planar. Such spontaneous recovery of a diffusionless transformation in an organic crystal we have referred to as organosuperelasticity [9] . Ferrocene was also reported recently by our group as the first example of an organometallic compound showing twinning deformation [10] . This classical metal complex also happens to be non-planar. We recently demonstrated that a rigid planar molecule of 5-chloro-2-nitroaniline shows ferroelastic deformation accompanied by a molecular orientational change [11] . However, no molecular flexibility has been observed concerning the mechanism of conventional ferroelastic deformation. Here, we report evidence of twinning deformation in a non-planar organic molecular crystal-4,4 -dicarboxydiphenyl ether (1)by a mechanism involving molecular conformational adjustment. In addition, ferroelastic behaviour is demonstrated and thoroughly analysed by macroscopic stress-strain measurements, optical microscopy and single-crystal X-ray diffraction.
Results and discussion
Two polymorphs of 1 are known. Form 1 is reported as plate-shaped, crystallizing in the space group Pbca [12] . Potts et al. [13] reported Form 2 as needle-shaped, crystallizing in the space group P1. By the method of Potts we obtained a mixture of thick needles and prism-shaped crystals. The prism-shaped crystals of Form 2 (figure 1) readily undergo twinning deformation when subjected to mechanical shear stress. These crystals were isolated for characterization.
Single-crystal X-ray diffraction data were collected for a mechanically twinned Form 2 crystal of 1. 1 The sample had been deformed manually using tweezers, while observing with an optical microscope (figure 1a). The crystal faces of the parent domain (α 0 ) and the daughter domain (α 1 ), as well as the twinning interface, were determined and are presented in figure 1b.
It is evident from face indexing that the deformation occurs by 180°rotational twinning about the axis perpendicular to the interfacial plane (111)//(111) (see electronic supplementary material, figure S1). This interface was unambiguously confirmed by measuring the interplanar angle between (111) and (011). Predicted interplanar and dihedral angles were determined using MERCURY CSD 3.9 [14] . The calculated interface angle against (011) is 55.7°, which agrees with the experimentally determined value of 56.0°(figure 1c). Note that the uppermost crystal face as shown in figure 1b switches from (011) in α 0 to (100) in α 1 .
A stress-strain curve was measured for the Form 2 specimen of 1 (figure 2). A single crystal was mounted on a copper stage using epoxy. A shear force was then applied, via a glass jig, across the crystal face (011). The effective stress (S eff , horizontal axis in figure 2a) was calculated as S eff = (Fcosωcosϕ)/A where F is the total applied force, ω and ϕ are the angles of the applied force against (011) and the angle of the interface against (011), respectively, and A is the cross-sectional area of the specimen. The first half of the ferroelastic cycle involves elastic deformation (0-i), onset of twinning deformation α 0 → α 1 (i), growth of the α 1 domain (ii-iii), followed by a holding period where displacement (strain) is maintained constant and the shear stress drops to almost zero. Thereafter, in the second half, the displacement is reversed without a spike indicating nucleation of α 0 in α 1 (iii-iv) and we observed initiation of the reverse twinning deformation α 1 → α 0 (iv) and growth of the recovered α 0 domain (v-vi).
Twinning occurs with a maximum nucleation stress of approximately 1.05 MPa and growth of the new domain requires a critical shear stress (coercive stress) of approximately 0.21 MPa, which were calculated by considering the shear component parallel to the interface. In comparison, the reverse leg of the curve shows a critical shear stress of approximately 0.14 MPa in the opposite direction. The nucleation stress is relatively high compared with the critical shear stress. In this regard, the stress-strain curve measured for 3,5-difluorobenzoic acid is similar [8] . The shapes of these curves are similar but the values of critical stress are substantially different. The relatively high nucleation stress observed for 1 implies the existence of a large initial energy barrier. The estimated dissipated energy density (E d ) is calculated as E d = σ tanθ where σ is the critical stress and θ is the bending angle. The E d is 53.77 kJ m −3 for the daughter domain of the present sample, which attained a maximum volume of 2.793 × 10 −13 m 3 during the shearing experiment.
From single-crystal X-ray data, predicted bending angles have been calculated as the difference between interplanar angles of the parent and daughter domains. The bending angle θ refers to the difference between the parent interplanar angle of (011) α0 and (111) α0 and the daughter interplanar angle of (100) α1 and (111) α1 (figure 3a) . Similarly, φ is the difference between the parent angle of (001) α 0 and (111) α0 and daughter angle of (001) α1 and (111) α1 (figure 3b) . The calculated values for these angles are θ calc = 8.63°and φ calc = 16.9°. These are in reasonably good agreement with the angles θ exp = 11° and φ exp = 16°that were measured directly using an optical microscope (see electronic supplementary material, figure S3 ). Figure 4a ,b are projections of α 0 on (111) α0 and α 1 on (111) α1 , respectively. Figure 4c is a molecular overlay of corresponding molecules from α 0 and α 1 that are related by a molecular conformational change that occurs upon shear-induced twinning. These packing diagrams show that the molecular orientation of 1 is mostly preserved during the deformation from α 0 to α 1 . The molecules highlighted in green and blue are oriented similarly-in both cases the bent C-O-C bond or 'kink' of the molecule points into the plane. However, the molecular overlay suggests that a change in molecular conformation is required for mechanical twinning to occur.
We propose that the mechanism enabling twinning deformation involves partial flipping of the phenyl rings as shown in figure 5 . The estimated value of this rotation angle is approximately 30.2°( electronic supplementary material, figure S2a). The proposed mechanism avoids rotation or flipping of the entire molecule. However, this required conformational change remains sterically hindered, accounting for the relatively high nucleation stress observed.
The carboxylic acid groups are co-planar with the phenyl rings; therefore, flipping of the rings could result in distortion of the carboxylic acid hydrogen bond dimers as shown in figure 3 . The estimated dihedral angle for the distorted hydrogen bonding interactions at the twinning interface of 1 is approximately 20.1°(figure 4c and electronic supplementary material, figure S2b). However, free rotation about the carboxylic acid C-C bond enables a balancing of carboxylic acid-phenyl planarity against hydrogen-bonded dimer planarity. Thus, it is likely that some rotation (approx. 0-20°) of the -COOH group occurs about this C-C bond and the planarity of the hydrogen-bonded dimers is mostly preserved. This would relieve molecular distortion at the interface and is necessary given the experimental evidence that spontaneous recovery does not occur, suggesting that the overall strain at the twinning interface itself is relatively low. Furthermore, the absolute critical stress of the reverse leg for 1 (approx. 0.14 MPa) is considerably greater than the critical stress of spontaneous recovery for 3,5-difluorobenzoic acid (superelastic), which is only 0.01-0.03 MPa [8] . We therefore postulate that the following key factors will result in ferroelastic twinning instead of the spontaneous recovery of organosuperelastic twinning: (1) a relatively large magnitude of shear stress required for recovery and (2) the existence of a mechanism to relieve molecular distortions that would otherwise be accumulated at the twinning interface.
Conclusion
The ferroelastic behaviour of 1 has been demonstrated both microscopically and macroscopically. Singlecrystal X-ray diffraction data provide evidence of a mechanism of twinning deformation that involves the partial flipping of phenyl rings and the preservation of dimeric carboxylic acid hydrogen bonds, the planarity of which is mostly preserved at the twinning interface. The associated shear stress is relatively high when compared with other known organic examples. We postulate that, where a relatively large shear stress of recovery is required and a mechanism exists to relieve molecular distortion at the twinning interface (such as a conformational change in a molecule with multiple rotatable moieties as observed for 1), mechanical twinning will be ferroelastic instead of superelastic. Other non-planar organic molecules will likely hold yet more interesting mechanisms enabling twinning deformation and ferroelasticity.
